INTRODUCTION
A problem in the numerical taxonomy of bacteria that has so far received little attention is whether differences in growth rates, incubation temperatures, and the like, may exaggerate phenetic dissimilarities by introducing differences that can be considered as due to unwanted common factors. The taxonomist may wish to discount, for example, those differences that can be plausibly explained by unequal growth rates of strains. This may be a major factor in studying groups in which fastand slow-growing variants are common, or where different species differ markedly in rates of growth. This is important with the mycobacteria, and it has recently been discussed by Wayne (1967) . He notes that it is difficult to decide when to read the tests if both fast-and slow-growing strains are studied together. Temperature, pH, composition of basal media, etc. may raise the same problem, and, as noted below, analogous problems occur in the taxonomy of higher organisms.
It has been pointed out (heath, 1962 ) that additive coding exaggerates differences due to growth rates, and this is perhaps the main argument in favour of non-additive coding. The latter is however not very satisfactory, so that a general method for handling this kind of problem seems to be needed. The technique proposed here requires extended trial with many groups of organisms, and so its logical basis is here presented with only a few illustrative examples. It should be emphasized that it is only applicable to data which fit the model proposed in the next paragraph; it must not be applied uncritically to situations where the basic assumptions do not hold.
'VIGOUR' A N D 'PATTERN' COEFFICIENTS
Eflects of growth rate on test results It is commonly found that a slowly growing strain gives weak or negative reactions in a test read at the usual time, while on longer incubation it becomes clearly positive. It is uncommon for positive tests to revert to negative on continued incubation, at Vol. 53, No. 3, was issued 13 November 1968 I G . Microb. 54 least for moderate incubation times. Some exceptions do occur, notably in carbohydrate fermentation tests, but usually the number of tests giving positive reactions increases with time of incubation. These observations suggest that the number of positive reactions at any given time of reading is a partial measure of growth rate, and more generally of metabolic activity, at least when strains of the same species are under study. Clearly this only applies to tests that can be logically scored as positive or negative, where a positive result is a reaction conditional upon bacterial growth and metabolism. Those tests where scoring as positive is arbitrary (e.g. colony shape, resistance to drugs) cannot be employed, though of course more detailed understanding of the mechanism involved may later allow a logical decision. (1966) . At temperatures above the growth optimum the behaviour with taxonomic tests is somewhat erratic (perhaps because the lethal temperature is only a little higher), but at suboptimal temperatures the general finding is that metabolic activities are usually similar but slower. Tests therefore take longer to become positive (and sometimes remain negative even after long periods). Some exceptions have been reported. Frank (1962) noticed better pigment and better growth in raised salt concentrations at low temperatures. Some enzymes are not formed at high temperatures (e.g. Pollock, 1945; Upadhyay & Stokes, 1963) . Synthesis of flagella and many surface antigens is often inhibited by high temperatures (Kerridge, 1961 ; Lacey, 1961) . Nutritional requirements may be more exacting at raised temperatures, but by no means always (Ingraham, I 962). Nevertheless, the exceptions appear relatively few. Thus, Azuma, Newton & Witter (1962) obtained pyschrophilic mutants that were otherwise almost identical with the parent strains, and Frank (1962) found almost the same test results with Pseudomonas geniculata at 27" and 8" (after rather longer incubation at the lower temperature).
Eflects of incubation temperature and other factors
Less has been done on the influence of inappropriate oxygen tensions or pH levels, and generalizations seem scarcely possible at present. It is often said that some groups of bacteria are particularly susceptible to interference of their metabolism by nonoptimal conditions for growth, e.g. the lactobacilli (Rogosa & Sharpe, 1959 )~ but there is little published evidence on this.
Concepts of ' Vigour' and 'Pattern'
A concept is needed which can accommodate different factors like growth rate, incubation temperature and the like. The term 'Vigour' is suggested for this wider concept of general metabolic activity or achievement. Vigour represents the ability of a strain to carry out varied metabolic activities as shown by its performance in a given battery of tests. It is a relative term, for it will depend on the set of tests and the conditions (though a numerical measure for it is suggested later), and is developed from an earlier observation (Sneath, 1957 ) that the number of positive features was characteristic of different species of bacteria. Another sort of difference, ' Pattern', is that which is found between equally vigorous strains which nevertheless give different results. One can then think of the total difference between a pair of strains as being composed of two components, Vigour Difference and Pattern Difference.
Vigour and Pattern contrasted with Size and Shape
In numerical taxonomy of higher organisms the taxonomist distinguishes between size and shape differences (e.g. see Penrose, 1954; Sokal & Sneath, 1963 , p. 151; Boyce, 1964; Rohlf & Sokal, 1965 ) and they bear a formal resemblance to Vigour and Pattern, with the first of each pair implying some over-all measure of magnitude. Thus a mouse and a rat are very similar in shape, but the rat is about twice as big. All the measurements of the rat are about twice those of the mouse, and the crude taxonomic difference (as measured, for example, by taxonomic distance, d ) would be large, although the shape difference would be fairly small. The taxonomist has various ways of disentangling shape from size, such as using proportions or correlation coefficients. Such methods are not readily applied to bacteriological data, where most of the characters are qualitative, and this is because of certain peculiarities of I, o hyperspaces (see Sneath, 1968) .
One can, however, separate Vigour (the analogue of Size) from Pattern (the analogue of Shape) by rather similar techniques. A vigorous strain will show more positive test results than a less vigorous one. Furthermore, there will be few tests in which the vigorous strain scores as negative but the less vigorous one scores as positive.
If the comparison is between two strains, I and 2, that are about equally vigorous, then the number of tests that are positive will be about the same in both. However, they may not be the same tests in the two cases. This is illustrated below, where a third of the tests are positive in each strain. 
Strain 2
Although the pattern of reactions is different, the Vigour is the same, as shown by the fact that 20 tests are positive in each strain. In consequence also, there are as many tests positive in Strain I and negative in Strain 2, as there are tests that are negative in Strain I and positive in Strain 2, namely 12.
It should be noted that Vigour as used here implies a degree of metabolic achievement rather than a rate of metabolic activity. A strain will usually show higher Vigour after long incubation than after short incubation, because more tests will be positive after the longer time. A suitable technical definition of Vigour is the proportion of positive tests, and this is shown algebraically in the following section.
Partitioning diflerences into Vigour and Pattern components
The usual 2 x 2 table for the comparison of two strains using qualitative characters can be shown, where the letters represent the actual numbers in each class of the test results.
Vigour is defined as the proportion of positives, being (a+c)/n for Strain I and (a+b)/n for Strain 2. The difference in Vigour between Strain I and Strain 2 is the difference between these values, which is equal to (c -b)/n. This Vigour Difference can be either positive or negative, depending on whether it refers to Strain I compared to Strain 2 or vice versa (in the same way as differences in size in higher organisms).
The total number of differences between the strains is the sum of b and c, and converting this also into a proportion, one has Total Difference = (b+c)/n.
It is now possible to partition the Total Difference into additive components representing Vigour Difference and Pattern Difference, by using the expansion of (b + c )~ in the form (c -b)2 + qbc. It is convenient to square the coefficients so that the terms are additive and Pattern Difference is always positive. Thus we may write:
n2 n2 * This can also be written simply as where Dv is Vigour Difference = (c-b)/n, Dp is Pattern Difference = 2 , / w n , and DT is Total Difference = (b+c)/n.
The well-known Simple Matching Coefficient, SSM, is the complement of Total Difference, so that DT = I -SsM.
These coefficients can be illustrated by the simple examples below: Pattern similarity Although it will often be convenient to work with differences it may be useful to symbolize similarity in pattern alone by Sp, which is I -Dp. This is greater than S S M , or equal to it when there is no Vigour Difference, and becomes 1.0 when all the difference is accounted for by Vigour.
Strains differ in

Both Vigour
These new coefficients are suggested because the commonly used ones (see Goodman & Kruskal, 1954 Sokal & Sneath, 1963 , p. 125) do not have the properties desired. The one which approaches Sp most closely in measuring only similarity in Pattern is Sy, (Yule's Q) which is (ad-bc)/(ad+ bc). This also becomes 1.0 when b or c is zero, but it 'overcorrects' when b + c is small. The phi coefficient, S4, generally undercorrects.
Both Sp and Sy are ill-behaved if a (or d) approaches zero, but the systematist will be cautious about cases where there are few positives common to both strains (d = o is unlikely to occur in practice).
Sampling distributions of the coeflcients
The sampling distributions of the new coefficients are difficult to calculate accurately. One assumes that the tests used are a random sample from a large population of possible tests, and that the probability that a test is positive is the same for all of them. These assumptions are not entirely true, although for lack of deeper knowledge one must take them as guide lines. However, Goodall (1968) It may be pointed out that although Dv and Dp are independent in the sense that any combination of values can occur, yet it remains to be seen how far they are independent in practice. A comment on the few data so far available is made later in the paper. ney, 1951, P. 264).
TESTS OF THE N E W COEFFICIENTS
A considerable body of data would be needed to give a thorough trial of the performance of the new coefficients under varied conditions, preferably with a wide range of different genera of bacteria. In this paper, therefore, a selection of data that were readily available has been used to illustrate some of the main points that arise.
Data were available on the genus Chromobacterium (Sneath, 1957) from tests incubated at 25O, at which both C. violaceum and C. lividum grow at about the same rate. A few strains were chosen, to illustrate the behaviour of strains of the same and of very different species.
Those features which could not be readily scored as positive or negative were omitted and some additional data incorporated from Sneath (1960). Additive scoring was used where the tests could be read quantitatively. The results of the selected comparisons are shown in Table I , where the values of &, Dp and DT are given, based on seventy-two I , o character states.
Some results from unpublished work on enterobacteria and pasteurellas were made available by M. Stevens. These were chosen to illustrate the effect of reading the tests at different times of incubation, and though rather few in number (25) they were selected to cover a wide range of common tests. These included growth in several media, carbohydrate fermentations, hydrolytic enzymes, substrates as sole carbon source, and decarboxylases, and were read at I, 2 and 5 days incubation at 30". In addition, some results kindly supplied by Dr N. Westwood were used to illustrate the effect of incubation temperature on carbohydrate fermentation. 
0'347
The relation of growth rate to Vigour The original protocols on Chromobacterium allowed a rough assessment of growth rate on nutrient agar, though the temperature chosen for incubation (25O) was such that there were only small differences between most strains. It was, nevertheless, possible to choose a few strains that were rather faster or slower in growth than the majority, and these were included in Table I . Inasmuch as most tests were done on solid media this assessment is probably realistic, but it will desirable to investigate this topic in more detail in the future. There was some correspondence between Vigour and the estimated rate of growth for strains of C. violaceurn and for strains of C. Zividum considered separately, and this can be seen from Table I (there is less concordence for the other species included). The data were not suitable for more detailed study of this, because there was relatively little variation in the growth rates of the strains with very few exceptions. The most notable result is the low Vigour of Pseudomonas iodinum (which is metabolically rather inactive in the tests used) though it grows quite fast; this serve to emphasize the point that the concept of Vigour is probably useful only within groups of strains that are close taxonomically. In retrospect it may be noted that the use of additive coding, in place of the non-additive coding originally employed, makes very little difference to the SJ coefficients given in Sneath (1957) ; this is not unexpected in view of the uniformity of growth rates. Table 2 . It can be seen that Dp provides virtually perfect correction for the different times of reading. Indeed out of the total of 375 readings there was only a single reversal from positive to negative after longer incubation. This explains the anomaly at 2 to 5 days with Escherichia coli, where the Vigour Difference is in the wrong sense; it was due to a reversal to neutrality after 5 days from weak acidity at 2 days in a carbohydrate fermentation. It is seen that in all other cases the earlier readings are shown as 'less vigorous' (which results
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in a negative value of Dv) than in the later readings. One also notes (that in this series at any rate) the difference in readings between 2 and 5 days is about the same on the average as those between I and 2 days, although the time interval is three times as long. Furthermore, it is the slower-growing Pasteurella pestis strains which show most change in the later interval, as one might expect. Indeed these results simply illustrate what has been the long-standing belief of bacterial taxonomists, that lengthening the incubation time to near the useful technical limit very often improves the reliability of tests, in the sense that different strains of the same species show better agreement than on short incubation.
A second point is the effect of different incubation times on the phenetic difference between two strains that are taxonomically closely related. This is illustrated in Table 3 , where the coefficients are given for the various comparisons between a strain of Pasteurella pestis and one of Pasteurella pseudotuberculosis. These species are widely recognized to be very close taxonomically, but strains of P. pestis have a distinctly slower growth rate. It can be seen in Table 3 that Dp usually indicates markedly less phenetic difference than D,. In some comparisons the difference is entirely in Vigour, and with the small number of tests used this can be attributed to chance (a few tests that are consistently different in the two species are known). From above down are given Dv, Dp and DT. 
Results for
The eflect of diflerent temperatures of incubation
Several common bacteria were tested for acid production from 14 carbohydrates in I % peptone water over 24 hr. With these short times the pH curves were remarkably smooth and showed no reversions toward alkalinity. Scoring a pH of 6.5 or below as positive, the results at 32", 37" and 42' showed the expected delay at the lowest temperature (and sometimes slight delay at 37" compared with 42"). Almost always the same pattern of carbohydrates was acidified by 24 hr and commonly the order in which they became positive was also the same. As an illustration the results on a strain of Staphylococcus aureus are given (Table 4) . It is seen that all the differences are accounted for by Vigour differences with one exception. This exception is for a time when many tests are just becoming positive (10 hr) and there are a few discrepancies in the order in which individual tests became positive at 37" and 42".
Although the set of tests is not wholly realistic (and few in number), it illustrates the general behaviour expected, at least for incubation times that are not very long.
Other comparisons involving closely related strains In the results on Chromobacterium violaceum in Table I it is seen that there is one complete 'correction' for Vigour, in that strains MK and SH are identical in Pattern. In the other comparisons Dp is smaller than DT, that is the overall similarity estimated by Dp is somewhat higher. With the strains of C. Zividum the same effect is seen, but is less marked. Comparisons involving distantly related strains In Table I one notes that the low Vigour of Pseudomonas iodinum has made Dp notably lower than DT in all the comparisons that involve that organism. This bacterium has always been a taxonomic puzzle, as it does not appear to fit very naturally into the genus Pseudomonas, or indeed any other genus (Sneath, 1957 (Sneath, , 1960 De Ley, Park, Tijtgat & Van Ermengem, 1966) . It was earlier found (Sneath 1957 ) to be rather closer to Corynebacterium viscosum than to the other bacteria, and Dp still suggests this. The remaining bacteria in Table I have a fairly narrow range of Vigour, and Dp does not point to any taxonomic conclusions that are significantly different from those drawn in the earlier work (although a different coding method and similarity coefficient were used there).
Frequency distributions of the coeficients Because DP is equal to or less than D, the Mean for a set of Dp values will in general be less than that for D,. This will crowd the values of D p into a smaller range near zero, and one would therefore expect the standard deviation of Dp to be also less. This has been found as expected (in a larger series of coefficients than those cited here), but the reduction in standard deviation is not very great. Why this is so is not yet clear; it may depend on the kinds of organisms that are being compared. The distribution of Dv is of course dependent primarily on the distribution of Vigour in the set of strains under study, and could vary widely depending on their selection.
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The method proposed here has been described for complete data, where none of the characters are missing or are not comparable (NC), but it would seem feasible if there is a small proportion of NC entries. Although handled in terms of SsM the basic idea is not directly concerned with the question of whether negative comparisons should be counted toward resemblance, and if required it might be modiiied for use with other coefficients of association. It seems, however, logical to use additive coding, and in this way it is possible to incorporate a mixture of qualitative and quantitative characters. Where the latter predominate it would be more appropriate to use conventional Size and Shape coefficients. One may note that the use of Dp, though potentially more powerful than non-additive coding in correcting for effects of Vigour (in that it takes account of qualitative characters in addition to quantitative ones), requires more stringent assumptions about the data.
One would expect that in general the effect of removing the Vigour component would be more marked for comparisons involving bacteria that were similar taxonomically than for distantly related organisms, and this is borne out by the limited data so far available. The use of Dp (or Sp) would therefore seem fairly safe for studies with distantly related organisms, and may perhaps make the phenons of lower taxonomic rank rather sharper and more coherent than when D, or SM are used. One should perhaps allow a small contribution to be made by Vigour as if it were a separate and independent character, although in most work this would make very little practical difference, because Vigour would be only one character among the many that were subsumed under Dp. If essential, however, one could introduce a small contribution from Vigour on the following lines. Suppose Vigour was divided for the whole collection of strains under study into x states, and a pair of strains differ in y of these, one could calculate a corrected Dp as (nDp+y)/(n+x) where there were n character states contributing to Dp. Although this is a departure from strict equal weighting, it is a posteriori, and is not inadmissible a priori weighting.
The new coefficients will clearly be useful mainly where strains of markedly different growth rates are studied, or where temperature, time of reading of tests and the like, are thought to be important factors. They may possibly be useful also in fields like ecology or medical diagnosis, where qualitative characters may be heavily dependent on factors involving abundance or time.
I am grateful to M. Stevens of this Unit and to Dr N. Westwood of the Leicester Regional College of Technology for their help and for permission to use data for illustration, and also to M. J. Sackin for programming assistance in incorporating the new coefficients into a series of numerical taxonomy computer programs that are currently being developed.
